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Abstract: Soil seed banks play an important role in the distribution and composition of plant communities in
semiarid grassland ecosystems. However, information on how spatial scale influences the spatial heterogeneity of
soil seed banks in a grassland under grazing disturbance is still lacking. Based on field sampling and greenhouse
germination, we measured the species composition and seed density of soil seed banks at different spatial scales
(30 m×30 m, 30 m×60 m and 30 m×90 m) along a topographical gradient in a sandy grassland in Horqin Sand Land,
Northern China. By applying geostatistical methods, we examined how spatial scale and topography affected the
spatial distribution of soil seed banks in the study area. Our results showed that the total number of species in soil
seed banks, as well as the number of dominant annuals, increased with the increase of spatial scales. Seed density
in soil seed banks decreased with the increase of spatial scales due to an increase in the slopes and relative
heights of the sampling points. Geostatistical analysis showed that the relative structural variance (C/(C0+C)) of
seed density and species richness were over 65% for all spatial scales, indicating that these variables had an obvious spatial autocorrelation and the spatial structured variance accounted for the largest proportion of the total
sample variance. Spatial autocorrelation of seed density in soil seed banks increased with the increase of measured
scales, while that of species richness showed a reverse trend. These results suggest that the total number of species in soil seed banks is spatial scale dependent and lower topography may accommodate more seeds. Spatial
distribution of seed density in soil seed banks is also scale dependent due to topographic variation. Grassland
management, therefore, needs to consider local grazing disturbance regime, spatial scale and topography.
Keywords: sandy grassland; grazing disturbance; topographic variation; seed density; species richness; scale dependence;
Inner Mongolia

Spatial heterogeneity is considered as an important
characteristic of natural ecosystems (Palmer, 2003).
Soil seed banks are defined as the total number or density of available seeds stored in the soil, representing a
potential seedling emergence pattern of an area in the
future (Wang et al., 2005). Spatial heterogeneity in

seed availability is thought to be a major factor determining the spatial pattern of plant populations and
communities (Aguiar and Sala, 1997; Nathan and
Muller-Landau, 2000; Li, 2008). Studies have shown
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that the formation and dynamics of soil seed banks are
strongly influenced by land use history (Wellstein et
al., 2007; Dölle and Schmidt, 2009) and topography
(Bengtson et al., 2006; Li et al., 2009).
Many researchers have suggested that the composition and structure of soil seed banks can be greatly
affected by grazing disturbance (Witkowski and Garner, 2000; Adler et al., 2001; Wang et al., 2002;
Olofsson et al., 2008; Ma et al., 2010). Grazing livestock increases the dominance of annual species in the
vegetation, which also results in the dominance of annuals in soil seed banks (Woldu and Mohammed
Saleem, 2000). In addition, ecosystem studies are often influenced by the spatial scale at which research is
conducted, especially in semi-natural grasslands where
management greatly influences the vegetation and soil
(Kahmen et al., 2005; Auestad et al., 2008). It has
been demonstrated that the impact of grazing on species richness, herbaceous cover and biomass was more
responsive at the fine scale than at the coarse scale
(Landsberg et al., 2002; Oba et al., 2003).
In addition to grazing, topography may also be a
key factor influencing the spatial pattern of soil seed
banks (Caballero et al., 2003; Bengtson et al., 2006;
Li et al., 2009). Topography may be relatively homogeneous on a large spatial scale, but can be heterogeneous at a small scale as a result of microtopographic
differences (Zuo et al., 2008). Topography may also
strongly influence wind dispersal of plant seeds (Yan
et al., 2005), and shrub location, which is often associated with specific positions in the landscape, can
enhance spatial patterns in seed dispersal (Li et al.,
2008).
In arid and semiarid ecosystems, spatial scales
greatly affect species diversity (Harrison et al., 2006),
productivity (Oline and Grant, 2001), species-area
relationships (Turner and Tjorve, 2005) and productivity-diversity relationships (Ryberg and Chase, 2004).
Many studies have emphasized that species richness is
obviously scale-dependent in grassland ecosystems
(Crawley and Harral, 2001; Pausas et al., 2003), and
the ecological significance of spatial heterogeneity of
soil seed banks is very important in maintaining species coexistence and biodiversity (Ben-Natan et al.,
2004; Li et al., 2009). Understanding how the spatial
pattern and distribution of soil seed banks vary with
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spatial scale is essential for vegetation restoration and
land management in semiarid grassland ecosystems.
Horqin grassland is strongly influenced by longterm fuelwood gathering, heavy grazing and reclamation, and has become one of the most severely desertified regions in northern China. In recent years, many
studies on vegetation and soil seed banks have been
carried out in this desertified region (Yan et al., 2005;
Liu et al., 2007; Li, 2008; Ma et al., 2008; Li et al.,
2009). However, there is limited information on how
spatial scale and topographic features affect the spatial
distribution of soil seed banks in sandy grasslands under grazing disturbance.
In this paper, we examined whether species richness in soil seed banks is still scale-dependent in a
sandy grassland under grazing disturbance. We tested
two hypotheses: (1) the spatial dependence of seed
density in soil seed banks increases with the increase
of measured scales; and (2) soil seed banks is larger at
lower than at higher topographic locations.

1
1.1

Materials and methods
Study area

This study was performed in the Horqin Sand Land,
which is located in the semi-arid area of Southeast
Inner Mongolia, China. The study area, about 2 km
north from the Naiman Desertification Research Station, is situated in the south-western part (42°55′N,
120°42′E; 360 m asl) of Horqin Sand Land. The area
features a temperate, semi-arid continental and monsoonal climate, with an annual average precipitation of
360 mm, 75% received in the growing season from
June to September. The annual mean open-pan evaporation is about 1,935 mm. The annual mean temperature is around 6.4°C, with a minimum monthly mean
temperature of –13.1°C in January and a maximum of
23.7°C in July. The annual mean wind velocity is in
the range of 3.2–4.1 m/s, and the prevailing wind direction is northwestern in winter and spring (Yan et al.,
2005; Zuo et al., 2009).
The soils are highly prone to wind erosion and identified as sandy chestnut soils, which are equivalent to
the Orthi-Sandic Entisols of sand origin in terms of the
FAO-UNESCO system (Su et al., 2006). The sandy
grassland in this study is dominated by native species,
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including grasses (e.g. Cleistogenes squarrosa, Setaria
viridis, Phragmites australis, Digitaria ciliaris and
Leymus chinensis), forbs (e.g. Mellissitus ruthenicus,
Salsola collina, Agriophyllum squrrosum and Artemisia scoparia), shrubs (e.g. Caragana microphylla,
and Lespedeza davurica) and subshrubs (e.g. Artemisia halodendron and Artemisia frigida).
1.2

Experimental design

This research was carried out from March to September, 2009. A typical sandy grassland under long-term
grazing disturbance, about 10 hm2 in size, was selected for the study. A 30 m×90 m plot was established along a gentle topography, in which three spatial scales of 30 m×30 m, 30 m×60 m and 30 m×90 m
were partitioned. Then four 90-m long sampling transects were spaced 10 m apart, oriented southeast to
northwest along prevailing wind direction. Along each
of the four transects, sampling points were established
at 1.5-m intervals, giving a total of 84, 164 and 244
sampling points in three different spatial scales, respectively. We used a hand clinometer to measure the
slope of each sampling point in the 30 m×90 m plot,
and the relative height at the center of each sampling
point along each transect was calculated by trigonometric functions.
1.3

Soil seed banks

At each sampling point, a soil sample of 20 m×20 cm
and 5 cm deep was collected before seed germination
at the end of March in 2009. We used greenhouse
germination to determine the composition and size of
seeds in plastic trays (Li, 2008; Li et al., 2009). Plastic
trays of 40 cm (length)×30 cm (width)×10 cm (height)
were first filled with seed-free fine sand of about 2 cm
thick, and then the samples were spread to form a uniform, thin layer (3–5 mm) and covered with 1–2 mm
thick seed-free fine sand. The trays were placed in a
greenhouse and the seed banks of each species were
estimated based on the counts of seedlings that
emerged over a 16-week period (after which no new
seedlings emerged). During germination, the trays
were watered regularly each day. Emergent seedlings
were checked twice a week and then removed after
species identification (Li et al., 2009).
1.4

Data analysis

All seed germination data were converted to seed den-
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sity per square meter. To determine the effect of sampling size and spatial scale on soil seed banks, species-area curve in the 30 m×90 m plot was also established by calculation (1, 15, 30, 60, 90, 150, 300, 600,
900, 1,800 and 2,700 m2).
The data distribution was tested for normality with
the Kolmogorov–Smirnov test at the 0.05 significance
level. For species richness and seed density not passing the normal distribution test, we transformed the
data (e.g. log-transformation and square root transformation) before analysis. The spatial variability of
soil seed banks at different scales was analyzed using
geostatistical technique (Isaaks and Srivastava, 1989;
Zuo et al., 2008, 2009; Wang et al., 2010). The spatial
autocorrelation analysis provides a quantitative estimate of the spatial correlation between two samples as
a function of their separation distance (Isaaks and
Srivastava, 1989). The spatial analysis integrated
semivariance as follows:
2

γ ( h) =

1 N (h)
∑ [ z ( xi ) − z ( xi + h)] .
2 N (h) i =1

Where, N(h) is the number of sample pairs at each
distance interval h; and z (xi) and z (xi +h) are the values of variables at any two places separated by a distance h. The experimental variogram is calculated for
several lag distances. The lag h is defined as a vector
with both distance and direction. In practice, the direction effect is considered by computing experimental
variograms according to different directions of the h
vector. The spatial structure of the data is determined
by fitting a mathematical model to the experimental
semivariogram. A spherical or exponential model was
fitted to the observed variables, which showed that
these variables had spatial autocorrelations within the
sampling scales that we used. The model was fitted by
means of a least square method (Cannavacciuolo et al.,
1998; Zuo et al., 2008, 2009).
The parameters of the modeled variogram include
information on: (a) spatial autocorrelation range or A,
the separation distance at which spatial dependence is
apparent; (b) nugget value or C0, the level of random
variation within the data; (c) structural component or
C, the level of structure variation within the data; and
(d) sill or (C0+C), the total variation present. An especially important parameter, relative structural variance,
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was calculated as C/(C0+C). RSS or residual sums of
squares provided an exact measure on how well the
model fits the variogram data, with lower RSS indicating better model fits. GS+ (Version 9.0, Gamma
Design Software) uses RSS to choose parameters for
each of the variogram models by determining the
combination of parameter values that minimizes RSS
for any given model (Gamma Design Software, 2000).
Differences among the different spatial scales were
compared using a multiple comparison and one-way
analysis of variance (ANOVA) procedures, coupling a
Tukey’s post-hoc comparison (P<0.01). The descriptive statistical parameters and the significance test
were calculated using SPSS (version 16.0).

2
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Results and discussion

2.1

Changes in compositions of soil seed banks

The seedlings observed throughout this experiment
represented 27 species in a 30 m×90 m plot, and total
number of species increased with the increase of spatial scales (Table 1, Fig. 1), suggesting that species
number in soil seed banks is scale dependent in the
grazing grassland, being consistent with findings from
other studies (Crawley and Harral, 2001; Pausas et al.,
2003; He et al., 2006).
In the study area, annual plants comprised 76% of
all local species and related to 99% of the total seed
count, and the seed density of the annuals, Artemisia

Table 1 Seed density changes of dominant seedlings germinating from soil seed banks under grazing disturbance at different
spatial scales in the study area
Plot scale
Species

LF

30 m×30 m

30 m×60 m

P

30 m×90 m

2

(seeds/m )
Melissitus ruthenicus (L.) C. W. Chang

PL

0.31±2.80

a

0.31±2.79a
a

a

PG

3.44±12.42

Artemisia halodendron Turcz. ex Bess.

PS

0a

0a

1.13±6.52a

PS,

0.63±3.93a

2.97±29.85a

2.15±24.28a

Corispermum macrocarpum Bunge.

PL
AF

135.00±395.42

a

5.78±16.64

AF

1.25±6.77

Setaria viridis (L.) Beauv.

AG

327.81±430.91a

Chloris virgata Swartz
Ceratoides latens (Losinsk.) Tsien et C.G.Ma

AG
PS

58.13±191.38
1.25±7.86

285.00±550.24

a

Euphorbia humifusa Willd.

4.20±11.80

1.000
a

Cleistogenes squarrosa (Trin.) Keng

Lespedeza davurica (Laxam.) Schindl.

5.94±13.87

0.31±2.76a

ab

7.17±18.28

71.56±194.97

a

0.63±5.57
a

0.782
b

0.035

b

0.020

441.91±473.40b

a

47.03±161.33

a

0.51±4.78

645.28±616.31

0.029

321.21±606.45

b

362.34±395.30ab

a

0.259

a

0.066

a

0.400

a

0.594

452.78±568.67

b

0.001

Eragrostis pilosa (L.) Beauv.

AG

687.81±646.47

Artemisia scoparia Waldst. et Kit.

AF

7,312.19±7,007.02a

4,500.63±5,913.84b

2,985.19±5,217.05c

0.000

Tribulus terrestris L.

AF

47.19±166.92a

74.22±179.72a

63.32±158.77a

0.495

Chenopodium acuminatum L.

AF

a

2,674.06±2,429.50
a

a

2,349.53±2,031.85
28.13±104.98

a

a

2,292.93±2,167.23
103.59±285.51

b

0.389
0.000

Digitaria ciliaris (Retz.) Koel. Descr. Gram.

AG

18.75±39.48

Aristida adscensionis L.

AG

1.88±6.63a

2.03±7.40a

2.05±7.58a

0.983

3.44±8.66

a

a

2.66±9.24

a

0.371

1.25±5.48

a

1.95±9.00

a

0.745

0.94±4.78

a

1.02±5.91

a

Allium mongolicum Rgl.
Echinops gmelini turcz.
Cuscuta chinensis Lam.
Bassia dasyphylla (Fisch. et. Mey.) O. Kuntzae, Revis. Gen.
Ixeris chinensis (Thunb.) Nakai

PF
AF
AF
AF
AF

11.88±30.81
1.25±6.77

1.88±6.61

2.19±10.26
1.09±6.48
a

a

Salsola collina Pall.

AF

53.44±97.33

Lappula myosotis V. Wolf

AF

0a

a

12.81±35.58
0.94±5.53

a

a

a

26.13±92.69

a

80.47±190.20
0.31±2.80a

0.981

2.36±10.50
a

a

0.102

a

148.67±324.35
10.82±54.35b

0.233
b

0.004
0.048

Note: Different letters indicate significant differences at a=0.01 level. LF, life-form; AF, annual forbs; AG, annual grass; PF, perennial forbs; PG, perennial grass; PL, perennial legume;
PS, perennial shrub; values are Mean ± SD.
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seed production (Noy-Meir et al., 1989; Sternberg et
al., 2000; Zhao et al., 2005).
2.2

Fig. 1 Species–area curve at 30 m×90 m spatial scale in the
study area

scoparia, Chenopodium acuminatum and Eragrostis
pilosa, gradually decreased with the increase of measured scales. The most abundant perennial plants were
Cleistogenes squarrosa and Allium mongolicum, the
number of which fluctuated slightly with the increase
of measured scales. The species richness of annuals
increased with the increase of measured scales, while
that of perennials and shrubs did not change (Table 2).
Our study suggests that at all spatial scales in a
grazing grassland, annual plants dominate soil seed
banks in both species richness and seed density, supporting the finding from other studies that livestock
grazing favors the dominance of annual plants in
vegetation and soil seed banks (Witkowski and Garner, 2000; Woldu and Mohammed Saleem, 2000;
Adler et al., 2001; Wang et al., 2002; Olofsson et al.,
2008; Ma et al., 2010). This may be explained by that
selective grazing on dominant species reduced their
vigor and presence, thus favoring the spread of less
competitive but more tolerant annual species with high

Spatial pattern and heterogeneity of soil seed
banks

The mean seed density was significantly different
among the three different spatial scales (P<0.01),
while mean species richness had no obvious difference
(Table 3). In addition, the average values of seed density in soil seed banks decreased with the increase of
measured scales. At all spatial scales, the relative
structural variance, C/(C0+C) of seed density and species richness in all subdivided plots were over 65%,
indicating that these variables had obvious spatial
autocorrelation. These results showed that the spatial
structured variance accounted for the largest proportion of the total sample variance. The spatial autocorrelation ranges of seed density increased with the increase of measured scales (Table 3, Fig. 2). However,
the spatial autocorrelation ranges of species richness
displayed no obvious changes with the increase of
measured scales, indicating that the spatial autocorrelation of species richness is not scale dependent in the
grazing grassland.
Figure 3 based on simple Kriging shows the spatial
distribution pattern for seed density and species richness in soil seed banks at 30 m×90 m scale. As indicated, the high spatial dependence of seed density distribution was also observed in the semi-variance
analysis results (Table 3). Kriging maps expressed that
the spatial distribution of seed density showed a descending trend from southeast to northwest in the
gazing grassland. In addition, the spatial distribution
map of species richness showed higher degrees of spatial variability and patch fragmentation than that of
seed density.

Table 2 Changes in life-form composition from soil seed banks at different spatial scales in the study area
Life-form
Annual species

Perennial species

Shrub

Index
Species richness
Percentage of species richness (%)
Percentage of seed density (%)
Species richness
Percentage of species richness (%)
Percentage of seed density (%)
Species richness
Percentage of species richness (%)
Percentage of seed density (%)

30 m×30 m
16.00
76.19
99.92
3.00
14.29
0.06
2.00
9.52
0.02

30 m×60 m
22.00
78.57
99.86
3.00
10.71
0.10
3.00
10.71
0.04

30 m×90 m
24.00
80.00
99.84
3.00
10.00
0.10
3.00
10.00
0.05
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Table 3 Descriptive statistical indices, semi-variogram model and parameters for seed density and richness at different spatial
scales in the study area
Index

Seed density

Scale

Model

Mean±SD

C0

C0+C

C/(C0+C)

A (m)

RSS

30 m×30 m

Spherical

11,081.25±6,671.05a

0.10

0.03

0.69

8.49

0.000

30 m×60 m

Spherical

8,263.42±5,922.93b

0.01

0.03

0.69

43.00

0.001

Spherical

c

30 m×90 m
Species richness

0.01

0.03

0.81

74.00

0.002

a

0.09

2.35

0.96

2.42

1.020

6,905.43±5,459.01

30 m×30 m

Spherical

6.82±1.54

30 m×60 m

Spherical

7.17±1.85 b

0.06

3.29

0.98

2.50

7.740

30 m×90 m

Exponential

7.37±1.86 b

0.43

3.46

0.88

3.30

4.380

Note: Different letters indicate significant differences at a=0.01 level.

Fig. 2

Sample semivariograms for seed density and species richness at different spatial scales in the study area
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Fig. 3

Spatial distribution of seed density and species richness at 30 m×90 m spatial scale in the study area

In the grazing grassland ecosystem, the average
values of soil density in soil seed banks ranged from
6,905 seeds/m2 to 11,081 seeds/m2, which suggests
that soil seed banks are in the low and middle ranges
of seed densities as compared to previously studies
from other arid and semi-arid ecosystems (Caballero
et al., 2005). Also, our results suggest that spatial
scale has important effects on the distribution and pattern of soil seed density in this grazing grassland. But
our results did not confirm that spatial autocorrelation
of species richness in soil seed banks is
scale-dependent (Crawley and Harral, 2001; Pausas et
al., 2003). The study from Milchunas et al. (1988)
suggested that species richness in grassland ecosystems may be influenced more strongly by grazing disturbance. These results further suggest that the interaction between spatial scale and grazing disturbance result in different patterns of seed density and species
richness in soil seed banks in sandy grasslands.
2.3

157

Effect of topography on spatial distribution of
soil seed banks

Correlation analysis showed that there was a significant negative correlation between seed density, slope
and the relative heights of the sampling points in the

30 m×90 m plot (P<0.01) (Fig. 4), indicating that seed
density decreased with the increase in the slope and
relative height of the sampling points in the grazing
grassland. These results suggest that lower topography
may foster more soil seed banks in the grazing grassland.
Several previous researches have revealed that
scale-dependent relationships rest on many biological,
biophysical and environmental variables (Xu et al.,
2004). In grassland ecosystems, abiotic influences such
as topographic variation and grazing disturbance drive
the spatial patterns of plant communities through
changes in soil moisture, wind exposure, nutrient
availability and dominant species differences (Frank et
al., 1994; Augustine, 2003; Li et al., 2008). Our study
showed a decrease in seed density with the increase in
measured scales, supporting the finding that microhabitat shaped by topography not only affects significant changes in the number of seeds, but also exerts a
control over the compositions of local seed banks
(Russell and Schupp, 1998; Caballero et al., 2003).
This diversity in microhabitats can also be explained
by small-scale variation degrees in topography and the
effects of grazing that increase the number of
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role in shaping the spatial pattern of seed dispersal and
deposition in grasslands (Yan et al., 2005; Li, 2008; Li
et al., 2009).

3

Conclusions

Our study provides an insight into the mechanisms of
how spatial scale and topographic features affect the
spatial pattern and heterogeneity of soil seed banks in
a grazing grassland in Horqin Sand Land. Total species number in soil seed banks is scale-dependent. The
same is true with the spatial autocorrelation of seed
density, due to the effect of a gentle increase in topographic height. Thus, the interpretation of the spatial variation in soil seed banks of grazing grassland
requires a consideration of spatial scales at which important environmental variables and disturbing factors
may actually vary. This study also offers an important
implication that as seed banks are concentrated in the
topsoil, grassland restoration should avoid long-term
grazing disturbance because annual plants favored by
livestock are still to be germinated.
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